A c c e p t e d M a n u s c r i p t  The coating uniformity of corn seeds in a batch seed coater is evaluated by DEM  Discrete drop coating model is used to evaluate the coating uniformity of the seeds  Effect of process parameters on coating uniformity of the seeds is investigated  The atomiser disk position is strongly influencing the coating uniformity  Optimum process parameters for rotary batch seed coaters are reported
A c c e p t e d M a n u s c r i p t material and their shape is captured using X-Ray Tomography (XRT), which is approximated in the DEM by clumped spheres. The coating uniformity of the seeds is predicted by implementing a coating model in the DEM, whereby the coating droplets are simulated as very ne spheres projecting tangentially from a ring at the edge of the spinning disk. The size and velocity of droplets leaving the spray disk are measured using high speed video imaging and implemented into DEM simulations. The coating mechanism is represented in the DEM by considering that once a droplet contacts a corn seed, it is removed from the simulation and its mass is attributed to the coating of the corn seed. The distribution of mass of sprayed spheres on the corn seeds and their coecient of variation are evaluated for a range of process conditions, such as the base rotational speed, atomiser disc position relative to the base and bae arrangement and designs. It is found that the atomiser disc vertical position, bae angle and clearance to the wall are most inuential, whilst the base rotational speed and bae width and curvature have only minimal eect. Keywords: Coating uniformity, Drum Coater, Particle shape, Coating, Discrete element method, Coating optimisation, Process optimisation M a n u s c r i p t
Introduction
Coating of particulate solids by a thin lm layer is of interest in many industrial applications, such as seed and tablet coating. Particularly in seed coating, seeds are commonly coated with a protective coating layer consisting of fertilisers and pesticides in order to improve their germination. The quality of the nished product is strongly dependent on the eectiveness of the coating liquid formulation and the level of coverage of the coating on the seeds. The latter is inuenced by the motion, mixing and coating phenomena of seeds which are directly controlled by process parameters. Hence, understanding the eect of each process parameter on coating uniformity of seeds is essential. To do so, the particle kinematic behaviour (ow eld, mixing pattern, etc.) and the residence time of seeds in the coating zone have to be analysed. Discrete Element Method (DEM) [1] provides a robust way of simulating particulate systems and has recently been used to address the coating uniformity of pharmaceutical tablet coating [2, 3, 4, 5] . Inter-and intra particle coating variability are the two parameters for assessing the coating variability. The former is the variation in the average coating mass from a granule to another, whilst the latter is the distribution of coating liquid on the surfaces of individual granules, in which both M a n u s c r i p t factors can be quantied using the coecient of variation [6] . Inter particle coating variability is dened as the coecient of variation of the coating mass amongst the particles.
In the pharmaceutical industry, horizontal axis drum coaters are commonly used for coating tablets with a thin layer of lm. In this type of coater, a large number of tablets are placed inside the drum, which is rotated around its axis.
The rotational motion of the drum leads to radial and slight axial mixing of the tablets [7] . The coating lm is formed by spraying a liquid onto a moving tablet bed. Mixing and uniformity of coating is enhanced by placing a number of baes inside the drum. This type of coater however is dierent to those used for coating seeds with two main dierences: i) in seed coating the drum is placed vertically and the motion is brought about by a rotating base; ii) a rotating disc atomiser is used instead of a nozzle sprayer. However, the two types of mixers share the same underlying particle mechanics and knowledge of the former would help understand the latter for which little has been published in the literature. In contrast, the behaviour of particle beds in rotating drums with horizontal axis has been extensively investigated and reported in the literature [7, 8, 9, 10, 11] , where it has been found that the drum lling level and Froude number, F r ! 2 R=g (where ! and R are the rotational speed and radius of the A c c e p t e d M a n u s c r i p t drum and g is the gravitational acceleration) inuence the particle ow eld.
Suzzi et al. [12] investigated the eect of tablet shape and ll level on mixing and inter-tablet coating variability in a continuous rotating drum coater for a binary mixture. Considering that mixing promotes good coating, in their study, the mixing eciency for the all investigated tablet shapes decreased with increasing the ll level of the coater. The dispersive mixing of bi-convex tablets was faster than oval shaped tablets indicating that particle shape should be simulated rigorously. A signicantly better performance was achieved at the lowest ll ratio in the case of rounded tablets. In the above work, the intertablet coating uniformity was investigated by a rst order rate approximation.
Moreover, the back-splashing of satellite droplets and the transfer of coating solution from a tablet to neighbouring tablets and walls were neglected. The inter-tablet coating standard deviation was directly correlated to the average fractional residence time of particles in the coating zone, the mass ratio between the droplets retaining and those impinging on the tablet surface, and the rate of droplets arriving on the surface. Based on this approach, Suzzi et al. [12] concluded that the average fractional residence time of particles in the coating zone decreased with increasing the ll ratio leading to a decline in coating speed.
Kalbag and Wassgren [6] investigated the inter-tablet coating variability M a n u s c r i p t rteD numer of spry nozzles nd sprying time using sttistil design of experiment pprohF e lortory nd pilot sle pn oters were usedF hey reported tht low spry rte nd high pn speed improved the oting uniformity t oth slesF he most inuentil prmeter eting the oting uniformity ws found to e the numer of nozzles used in the systemD where signint improvement ws found y using four spry nozzles s ompred to U M a n u s c r i p t two. They also reported that uniformity of coating was improved by increasing the coating time.
In conclusion, the DEM simulations have proved useful in developing a better understanding of coating operation and optimising it. The methodologies developed for predicting the variation of coating can be extended and applied to corn seed coating. However, no such analysis of coating optimisation has so far been reported for seed coaters in the literature. Hence, in this study the eect of seed coating process parameters on coating uniformity of corn seeds is addressed. kg of corn seeds, was used.
Coating Model
The spray droplets are considered as non-interacting spheres until they contact the corn seeds. Their size and velocity distributions are incorporated in the M a n u s c r i p t simulations, based on experimental data obtained by video motion analysis. In the simulations described here, a particle property termed`coating liquid mass'
is introduced in addition to the existing properties. The model of Toschko et al. [15] is used to model the coating process and briey described here. For contacts between droplets and corn seeds, the droplet mass is added to the property`coating liquid mass' of the corn seed and the droplet is deleted. The momentum of droplets is negligible in comparison to the corn seeds, hence the impact of droplets on the corn seeds would not have a strong inuence on the momentum of corn seeds and it is ignored in the force calculations. In addition, inter-droplet collisions were very infrequent in the video recordings and are therefore not considered in the simulations. This signicantly improves the calculation speed. However, it is possible to account for these collisions and establish the coalescence phenomenon, but it is beyond the scope of this work.
In addition to the above criterion, Hertz-Mindlin contact model with rolling friction based on viscous dissipation [16] is used for simulating inter-particle interactions.
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Implementation of Droplet Generation
In order to incorporate the coating liquid droplets in the DEM simulations, the size and velocity distributions of the droplets are required. There are no data on the size distribution of droplets generated from disc atomisers in the literature. Only the mean or Sauter diameter has been reported [17, 18, 19, 20] .
Hence, a series of high speed video recordings were carried out to measure the droplet size and velocity distributions once they were released from the atomiser disc. De-ionised water was used as the spraying liquid, the ow rate of which was xed at 2.67 ml=s. The motion of droplets was recorded using a Redlake HG-100K high-speed video camera. The camera set up is shown in Figure 3 .
The video recording frame rates for droplet size analysis and velocity measurement are dierent to ensure best condition for each case. For the former, the frame rate was 200 fps. The size of each droplet at each video frame was measured every 5 ms using ImageJ software, based on the number of pixels.
This process was carried out over a period of 10 s. The droplets smaller than 50 µm in diameter were excluded from the analysis as they were very infrequent.
Moreover, due to the resolution of captured images, they did not contain an adequate number of pixels (i.e. less than 5 pixels in diameter). For the droplet velocity measurement, the frame rate was 2,000 fps. The magnitude of droplet M a n u s c r i p t velocity was calculated from the travelled distance of each droplet between the consecutive video frames with a time dierence of 500 µs. The droplet size and velocity distributions are shown in Figures 4 and 5 , respectively. The measured droplet size distribution here agrees with the mean droplet size and Sauter diameter correlations reported in the literature [17] . However, the correlations in the literature do not provide any information about the size distribution.
For accurate representation of the droplets in the DEM simulations, it is important to take into account the directional motion of the droplets once they are released from the atomiser disc. Hence, from high-speed video recordings it was found that the droplets moved tangentially relative to the edge of the atomiser, as indicated by the tracked position of some of the droplets after being released from the atomiser disc in Figure 6 .
Based on the measured droplet size and velocity distributions and the direction of their movement, a custom code was implemented in EDEM software for generation and movement of droplets. A ring-shaped virtual geometry with 1.5 mm height and a small thickness of 0.75 mm with the outer diameter corresponding to the disc atomiser diameter was considered as the particle factory for generation of the droplets. The droplets were randomly generated inside the particle factory and at the rst time step of generation of each droplet, they A c c e p t e d M a n u s c r i p t
were given an initial acceleration, which led to the desired tangential velocity at the end of the subsequent time step. The schematic diagram of how the droplets are generated in the model is shown in Figure 7 . In the simulations, the rate of generation of droplet spheres was chosen such that their volumetric ow rate was equal to that used in the experiments, i.e. 2.67 ml=s. This produced about 36,300 spheres per second. The droplets were generated after 1 s of real time operation where the motion of seeds had reached steady state.
The elastic modulus of seeds was reduced by two orders of magnitude, compared to the experimental measurements, in order to speed up the simulations.
This was considered to be safe since the motion of non-adhesive particles was of interest. It has been shown that varying elastic modulus to this degree is not inuential on the motion of such particles in DEM simulations [21, 22] . Coecients of restitution and sliding friction of particles were measured experimentally using a high-speed video camera and the NanoCrusher (Micro Materials, UK), respectively. The particle and simulation properties are summarised in Tables 1 and 2 , where particle size follows a normal distribution. The uniformity of corn seeds coating is simulated by varying the bae angle, distance to the wall and geometry, spraying disc position and rotational speed of the base of the coater. For all the investigated cases, the rotational speed of the coater base, atomiser disc distance to the base and ow rate of coating droplets were kept constant at 300 rpm, 30 mm and 2.67 ml=s, respectively. The coating simulations were carried out for 25 s of real time operation using the at bae design, as shown in The eect of bae clearance to the wall on coating uniformity of corn seeds is shown in Figure 11 . For all investigated cases, the coating mass variability is reduced as the clearance gap is increased to 15 mm, after which it increases again.
A c c e p t e d M a n u s c r i p t Therefore, the optimum bae clearance is around 15 mm for the investigated system here for all the bae angles. This clearance represents approximately two to three particle diameters. The dierence between the two extreme cases of clearance gap (5 and 20 mm) investigated is considered signicant, where 5 % improvement in terms of coating uniformity is achieved. The eect of bae angle on coating variability is shown in Figure 12 . For clearance of 10 to 20 mm, the coating uniformity is improved by increasing the bae angle to 35 { 45 , beyond which the CV is slightly increased. However, in the case of a 5 mm clearance, the optimum bae angle was found to be 25 .
Using the above analysis, it can be concluded that optimum values of bae angle and clearance to the wall of the coater are 45 and 15 mm, respectively, where the coating uniformity of corn seeds can be improved by 7% between the two extremes of coating mass CV. The clearance gap controls the fraction of the surface that is renewed after each circulation of base, since this parameter controls the thickness of the particle layer being sliced o from the bed surface.
Moreover, the bae angle controls the direction and the position of the particles being sliced from the bed. In combination, these two parameters control the surface renewal rate of the bed, which directly inuences the coating uniformity of corn seeds since only the particles at the surface receive coating liquid. This A c c e p t e d M a n u s c r i p t process is amenable to analysis by the surface renewal theory, similar to work of Mann [23] and Freireich and Li [24] .
Bae Geometry
In addition to bae angle and clearance, surface renewal rate and motion of particles after being sliced o from the surface depend on the bae shape.
Hence a number of bae designs were proposed to investigate the inuence of bae shape. For this purpose, two key features of the shape were considered:
width and geometry. For the curvature of the bae, two cases were considered:
at and curved faces; and three bae widths were considered for each, as shown in Figure 9 . In order to compare the results, all other simulation parameters such as position of atomiser disk (30 mm), base rotation speed (300 rpm) and total mass input (1.4 kg) were kept constant and the optimum bae angle (45 ) and clearance gap (15 mm) were used.
The coating mass CV values for the proposed bae designs are shown in Figure 13 . It is clear that the eect of bae width on coating uniformity of corn seeds for all the investigated cases is not signicant, as CV increases by about 1% only when the bae width is doubled from 30 to 60 mm for the at baes. However, in the case of the curved baes, a bae width of 45 mm M a n u s c r i p t improves inter-particle coating uniformity by approximately 1 { 2% compared to widths of 30 and 60 mm, respectively. Comparing the atness and curvature of the baes, the curvature of the bae does not strongly inuence the coating uniformity; however, the curved bae with a width of 45 mm results in a slightly lower coecient of variation than the original at bae.
By xing the baes clearance and angle, regardless of the width and curvature of the baes, the fraction of particles being sliced o from the surface of the bed is more or less similar. The bae curvature and width are expected to aect the motion of particles after passing the baes, rather than inuencing the surface renewal rate.
Atomiser Vertical Position
Since the coating droplets are generated using a rotating disc atomiser rather than a sprayer, a thin layer of droplets are generated. The position of the atomiser disc relative to the base of the coater aects the fraction of seeds being coated on the surface of bed. A series of DEM simulations were carried out by varying the vertical position of atomiser disc relative to the base of the coater from 30 to 70 mm, using the at design bae (30 mm wide) with clearance and angle of 15 mm and 45, respectively. The particle coating mass CV values using M a n u s c r i p t the proposed vertical positions of the atomiser disc are shown in Figure 14 . The coating uniformity of the particles improves as the vertical position is increased to 50 mm from the base; however beyond this point it starts to deteriorate (CV increases). Comparing the optimised vertical position of the spray disc (50 mm)
with the initial position used in the earlier simulations (30 mm), the position of the disc relative to the base of coater has a notable inuence on the coating variability and approximately 5% improvement of coating variability is achieved as shown in Figure 14 . Hence, it can be concluded that this process parameter is one of the key inuential parameters in the coating process using this type of coater.
Base Rotation Speed
In addition to the dynamics of droplet generation and surface renewal rate, the number of coating events (number of bed turnovers) is expected to inuence the coating variability of the particles in the process. In general, a larger number of rotations should lead to a higher probability of new and less coated particles being available for coating at the surface of the bed, thus leading to a higher probability that the particles will be more uniformly coated in the system. It is expected that a minimum number of bed turnovers is required to let all A c c e p t e d M a n u s c r i p t the particles become coated. However, an excessively high rotational speed would lead to higher impact velocities of the seeds to the baes, which may damage both the particles and their coating. In this study, the intention was to focus on the coating variability of particles rather than any damage on their coating; hence the potential damage to the coating of the seeds is disregarded.
Therefore only three base rotational speeds of 300, 400 and 500 rpm were used to investigate their eect on the coating variability. It was found that increasing the speed improved the coating uniformity of the corn seeds but only very slightly, as approximately 1.4 % improvement was achieved.
Conclusions
The eect of various seed coater process parameters on coating variability of corn seeds in a batch seed coater was investigated using DEM simulations. In the coating model, the coating liquid droplets were represented by small spheres and once brought into contact with a corn seed surface, their mass was stored in the corn seeds coating mass parameter, and they were removed from the simulation. The uniformity of coating was then analysed based on coecient of variation coating mass of the seeds. It was shown that using this model the amount of the coating on each particle could be tracked; hence useful information such as M a n u s c r i p t distribution of coating mass among the particles and coecient of variation of coating mass of the particles could be assessed. Among the proposed process parameters, it was found that the position of the atomiser disc relative to the base of coater and baes clearance to the walls strongly inuence the coating uniformity of the particles. Moreover, It is found that the position of atomiser disc plays an important role on improving the coating uniformity of particles and a change in distance from the base of the coater, from 30 to 50 mm, decreases the particle coating mass CV by 5%. In the case of bae clearance to the wall, using the at bae design, a clearance to the wall of 15 mm provides the lowest inter-particle coating variability compared to small and large clearance gaps.
An improvement of approximately 7% is achieved between the best and worst case combination of bae angle and clearance gap investigated in this study. On the other hand, other process parameters (e.g. baes angle, curvature, width and base rotational speed) had insignicant eects on coating uniformity of the particles where only a 1 to 2% change in coating mass coecient of variation is observed.
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